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We propose an experiment to test the Weak Equivalence Principle (WEP) with a test mass
consisting of two entangled atoms of different species. In the proposed experiment, a coherent
measurement of the differential gravity acceleration between the two atomic species is considered,
by entangling two atom interferometers operating on the two species. The entanglement between
the two atoms is heralded at the initial beam splitter of the interferometers through the detection
of a single photon emitted by either of the atoms, together with the impossibility of distinguishing
which atom emitted the photon. In contrast to current and proposed tests of the WEP, our proposal
explores the validity of the WEP in a regime where the two particles involved in the differential
gravity acceleration measurement are not classically independent, but entangled. We propose an
experimental implementation using 85Rb and 87Rb atoms entangled by a vacuum stimulated rapid
adiabatic passage protocol implemented in a high finesse optical cavity. We show that an accuracy
below 10−7 on the Eo¨tvo¨s parameter can be achieved.
The current understanding of gravity is formulated by
the theory of General Relativity which has been proven to
accurately describe many astronomical phenomena. The
Weak Equivalence Principle (WEP), also known as the
Universality of Free Fall, represents one of the three pil-
lars of the Einstein Equivalence Principle, which was at
the basis of the elaboration of General Relativity [1]. Ac-
cording to Damour [2], the Equivalence ‘Principle’ is not
satisfactory, as it sets an absolute structure for funda-
mental coupling constants (e.g. the fine structure con-
stant), in contrast to how physics (and relativity in par-
ticular) is constructed, i.e. avoiding the assumption of
absolute structures. Unification theories, which aim at
describing gravity and the three interactions of the Stan-
dard Model within a single mathematical framework,
therefore commonly imply violations of the Equivalence
Principle. WEP tests thus represent key probes in the
search of new physical phenomena [2]. As the types of
WEP violations, as well as the levels at which they could
occur, are theoretically elusive, an experiment with im-
proved accuracy or involving a different type of test mass
might therefore point towards new physics [2].
WEP tests are quantified by the Eo¨tvo¨s parameter
η = 2(aA−aB)/(aA+aB), which deviates from zero if the
accelerations aA and aB of the two bodies are different
in a given gravitational field. WEP has been tested at
the level of 10−13 uncertainty on the Eo¨tvo¨s parameter
in continuously improved experiments involving torsion
balances [3] or Lunar Laser Ranging [4]. The MICRO-
SCOPE experiment, currently in Earth orbit, aims at
improving such tests to the level of 10−15 by using two
free-falling macroscopic differential accelerometers. The
first results recently published in Ref. [5] show the valid-
ity of WEP at the level of 2 × 10−14. Apart from these
high precision experiments involving macroscopic masses,
efforts are also being pursed to test the WEP with mi-
croscopic or exotic particles. These efforts started with
experiments involving electrons [6] and neutron interfer-
ometers [7–9]. More recently, several results with cold
atoms have been reported [10–16], together with propos-
als for improved tests [17–19]. Experiments using anti-
matter are also being developed [20, 21].
The WEP and the role of inertial and gravitational
masses in quantum mechanics have been studied theoret-
ically in numerous works, see e.g. [22, 23]. It was shown
recently in Ref. [24] that the validity of the Equivalence
Principle for classical objects does not imply the validity
of its quantum formulation, i.e. the equivalence between
inertial and gravitational mass operators. Such consid-
erations point towards new experimental approaches in-
volving quantum test particles described by superposi-
tion states of internal degrees of freedom, e.g. as pro-
posed in [25]. Very recently, an atom interferometry test
of such a quantum formulation of the Equivalence Princi-
ple has been performed, by measuring the free-fall accel-
eration of an atom in a superposition of different internal
energy states [16].
In this letter we propose a test of the WEP with a
fundamentally different type of object than in previous
or ongoing experiments, namely two entangled atoms of
different species. The experiment considers the compar-
ison of the free-fall acceleration of an atom A when it
is entangled with a different atomic species B, to the
free-fall acceleration of the atoms without entanglement.
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2We describe a particular implementation with 85Rb and
87Rb atoms, and an entangling process based on a vac-
uum stimulated rapid adiabatic passage protocol imple-
mented in a high finesse optical cavity.
The concept of our proposal relies on a vertical atom
interferometer in which atomic species A and B are en-
tangled. The entanglement is heralded at the first beam
splitter of the interferometer by the detection of a single
photon. The scheme is related to the seminal work in
Refs. [26, 27], but operates here on freely propagating,
distinguishable atoms instead of trapped, identical par-
ticles. In the event of the emission of a single photon
from one of the two atoms in the direction of a photon
detector, and assuming that it is not possible to distin-
guish which atom emitted the photon, a detection event
will herald a superposition state: Atom A acquires the
momentum h¯~k (A emitted the photon of wavevector ~k)
and atom B is left unperturbed, or vice-versa. The cor-
responding entangled state can be written as:
|ψ〉 = 1√
2
(
|A, h¯~k;B,~0〉+ eiφ|A,~0;B, h¯~k〉
)
. (1)
The beam splitter thus creates a superposition of the mo-
menta of the two atomic species A and B, with φ a fixed
(non-random) phase in the case of a coherent superposi-
tion. To complete the interferometer, the two paths pro-
duced at the first beam splitter are subsequently manip-
ulated with conventional atom optics (e.g. two-photon
Raman transitions [28]) in order for the paths of each
species to interfere. Single atom detectors are finally used
to probe the atomic interference at the interferometer
output.
We focus in this letter on a particular implementa-
tion of this idea using 85Rb and 87Rb atoms, as sketched
in Fig. 1. To entangle the two atoms, we propose to
employ a vacuum stimulated Raman adiabatic passage
(vSTIRAP) protocol [29], where the detection of a single
photon exiting a high-finesse optical ring cavity heralds
the entangled state of Eq. (1). The cavity is on resonance
with a mode of frequency ωc. The two atoms are initial-
ized in one of their two hyperfine ground states, respec-
tively |F = 3〉 for A =85Rb and |F = 2〉 for B =87Rb,
see Fig. 1(b). The vSTIRAP process is triggered at time
t = t0 by a pulse of two pump laser beams at frequencies
ωAp and ω
B
p (red and blue vertical arrows), which ful-
fil the two-photon Raman resonance condition for each
atom: ωαp − ωc = Gα + ωαR, where Gα is the hyperfine
splitting frequency, and ωαR is the two-photon recoil fre-
quency, with α = A,B = 85Rb, 87Rb [30]. Assuming
that the probability of the adiabatic passage for each
atom is small [26, 27], the vSTIRAP process will in all
likelihood deposit at most a single photon into the cavity.
The photon can then escape the cavity while one of the
atoms is transferred from one hyperfine state to the other
[7, 29]. If the photon emission of both atomic species can
be made to have the same envelope and frequency, then
a detection event will herald the desired entangled state.
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FIG. 1. Implementation of the entangled interferometers
with 85Rb and 87Rb atoms and a vSTIRAP protocol to re-
alize the entangling beam splitter. (a) General sketch of the
experiment: after laser cooling, the atoms are released and let
to fall under gravity in a high finesse optical cavity made of
three mirrors lying in the (xy) plane. During the vSTIRAP
process, a photon is extracted from the pump beam (red and
blue arrows for 85Rb and 87Rb, respectively), and a photon is
emitted into the cavity mode. The emitted photon (frequency
ωc) is detected at one output of the cavity (‘click’). (b) Energy
levels of the atoms subject to two-photon Raman transitions.
The high-finesse cavity is resonant for a mode of frequency
ωc. The vSTIRAP process is initiated at time t = t0 by a
pulse of the pump beams of frequency ωA,Bp . The gray arrow
represents a laser beam (frequency ωx = ωc) used to perform
the Raman transitions in the mirror pulse (at t = t0 +T ) and
final beam splitter pulse (at t = t0 + 2T ) of the interferom-
eter. (c) Space-time diagrams of the atom interferometer in
the x and z directions. Note the two-dimensional feature of
the atom optics, which transfer momentum along the x (cav-
ity beam and gray arrow) and z (red/blue arrows) directions.
In panels (a) and (c), the difference in recoil velocities be-
tween 85Rb and 87Rb has been exaggerated to 10% (instead
of 2.3%). In the bottom of panel (c), gravity has been reduced
to g = 0.01 m.s−2 in order to highlight the recoil effect.
In view of the WEP test, we aim to measure the grav-
itational acceleration with the atom interferometer, re-
quiring a vertical accelerometer [28]. Therefore, at least
one of the light beams realizing the Raman transition
must have a projection on the gravity direction (z). We
choose a configuration where the cavity is horizontal (xy
plane in Fig. 1) and where the pump beams are aligned
with gravity. As a consequence, the beam splitter op-
erates in two dimensions, with a transfer of momentum
h¯~ktot ≡ h¯(kxxˆ − kz zˆ) along the xˆ and zˆ direction, with
kx = ωc/c (resp. kz) the wavevector of the cavity (resp.
pump) photon. The remaining part of the interferometer
is a typical Mach-Zehnder configuration [28], apart from
the fact that the mirror and final beam splitter pulses are
3two-dimensional in the momentum transfer, see Fig.1(c).
After the last beam splitter pulse occurring at time
t = t0 + 2T , the detection of each single-atom state can
be performed by fluorescence detection with a photodiode
[32], or by imaging using a light sheet detector [33].
Interferometer phase shift. We compute the atom in-
terferometer phase shift following the path integral ap-
proach [8]. In atom interferometers using two-photon
Raman transitions, the phase of the interferometer origi-
nates from the relative phase between the Raman lasers,
φ(t), which is imprinted on the diffracted atomic wave
by the different Raman pulses [9, 35]. More precisely,
the phase shift imprinted on atom α = A,B by a light
pulse is φα(t) = ~k
α
tot · ~rα(t) + ϕα0 (t), with ~rα(t) the po-
sition of the atom in the laboratory frame holding the
lasers and the cavity, and ϕα0 (t) a phase offset associated
with the change of the internal energy state. Assum-
ing that all Raman lasers are phase-locked (i.e. red/gray
and blue/gray lasers in Fig. 1), we can leave aside the ϕ0
term, and neglect the finite duration of the Raman pulse
(∼ 10 µs typically). The laser phase can then be written
more explicitly as φα(t) = −kxxα(t)−kαz zα(t). Note that
kx is the same for both atoms (gray arrow); the relative
difference in kz is ∼ 10−5 (difference in hyperfine split-
ting between 85Rb and 87Rb) and will be omitted from
now on [37].
After the vSTIRAP process, the two-particle state
reads
|ψ(t0)〉 = 1√
2
(
|A, h¯~ktot;B,~0〉eiφA0 + |A,~0;B, h¯~ktot〉eiφB0
)
,
(2)
with φα0 ≡ φα(t0). Note that we have treated the phase
shift imprinted on the atom during the vSTIRAP pro-
cess as for a conventional Raman transition, although
the emission of the photon occurs in the vacuum of the
cavity mode [38]. In the Raman process, the change of
momentum ~0 ↔ ~ktot is accompanied by a change of the
hyperfine state of the atom [39], which we omit in Eq.(2)
to simplify the notations.
After the mirror pulse at time t0 + T , the state reads
|ψ(t0 + T )〉 = 1√
2
[
|A,~0;B, h¯~ktot〉eiφA0 ei(φBT−φAT ) (3)
+ |A, h¯~ktot;B,~0〉eiφB0 ei(φAT −φBT )
]
,
with φαT ≡ φα(t0 + T ) the relative Raman laser phase at
time t0 + T . The last beam splitter occuring at t0 + 2T
acts globally on both atoms [27], which results in the
output state
|ψ(t0 + 2T )〉 = 1
2
√
2
[
|A,~0;B,~0〉
(
iei(ϕ−φ
A
2T ) + iei(Ψ−φ
B
2T )
)
+ |A, h¯~ktot;B, h¯~ktot〉
(
iei(ϕ+φ
B
2T ) + iei(Ψ+φ
A
2T )
)
+ |A,~0;B, h¯~ktot〉
(
i2ei(ϕ−φ
A
2T+φ
B
2T ) + eiΨ
)
+ |A, h¯~ktot;B,~0〉
(
eiϕ + i2ei(Ψ+φ
A
2T−φB2T )
) ]
(4)
where ϕ = φB0 + φ
A
T − φBT and Ψ = φA0 + φBT − φAT .
The detection of the four possible states at the interfer-
ometer output can be performed by fluorescence detec-
tion (light sheets in Fig. 1), which resolves the two hy-
perfine states of each atom [39]. For example, the prob-
ability of detecting atom A and atom B in the output
port corresponding to the null momentum (projector on
state |A,~0;B,~0〉) is given by
P00 =
∣∣∣〈A,~0;B,~0|ψ(t0 + 2T )〉∣∣∣2 = 1
8
∣∣∣1 + ei(ΦA−ΦB)∣∣∣2 ,
(5)
with Φα = φ
α
0 − 2φαT + φα2T .
The expression of the phase shift Φα is the same as in a
traditional three light pulse interferometer [8]. However,
in contrast to two classically independent interferometers
that would operate in parallel on atomA and atom B, the
phase of the entangled interferometer, ∆Φ ≡ ΦA − ΦB,
is determined by the phase shifts experienced by both
atoms, as a result of two-particle interferometry [40, 41].
The entanglement between the two interferometers can
thus be verified experimentally by applying controlled
phase shifts on the relative phase of the (phase-locked)
Raman lasers: while a phase shift applied to only one
pair of lasers (say for A) affects the mutual signal P00,
the same phase shift applied on both pairs of lasers should
not affect P00.
Finally, ∆Φ results from the terms in Eq.(4), and writ-
ing the trajectories of the atoms as xα(t) = xα0 + v
α
x0(t−
t0) + a
α
x(t− t0)2/2 and zα(t) = zα0 + vαz0(t− t0)− gαz (t−
t0)
2/2 we obtain:
∆Φ = kz(g
A
z − gBz )T 2 + kx(aAx − aBx )T 2, (6)
which reflects the bidirectional acceleration sensitivity of
the interferometer. Provided that the experiment is not
constantly accelerated in the horizontal direction with
respect to the freely falling atoms (aαx = 0), the second
term vanishes on average. The main phase shift of the
interferometer, ∆ΦWEP ≡ kz(gAz − gBz )T 2, represents a
coherent measurement of the difference in the gravita-
tional acceleration between the two atoms.
Details of implementation and expected sensitivity.
The design of the experiment is fundamentally driven by
the need for indistinguishability of the emitted photon
during the vSTIRAP process, and the indistinguishabil-
ity of the two atoms in the interferometer up to the last
beam splitter. On the technical aspects, the design must
take into account (i) the preparation of two cold atoms
of 85Rb and 87Rb with high probability; (ii) the design
of the high finesse ring cavity; (iii) the optical access for
the laser beams realizing the mirror and final beam split-
ter pulses; and (iv) the detection of the two atoms. We
consider that the atoms are loaded directly in the cavity
mode, and exit the cavity for the second and third inter-
ferometer pulses, which requires a sufficient interrogation
time T . We consider T = 50 ms in the following.
4The first step consists in preparing two cold (∼ few
µK) 85Rb and 87Rb atoms, which can be achieved in mi-
croscopic dipole traps operating in the collisional block-
ade regime [32, 42, 43]. The 85Rb and 87Rb atoms
are prepared before release into the cavity in the states
|F = 3,mF = 3〉 and |F = 2,mF = 2〉, respectively,
and driven with individual, pi-polarized pump beams.
We envisage a ring cavity with coupling strength, field
amplitude decay and atomic decay rates {g, κ, γ}/2pi =
{2.24, 0.5, 2.9}MHz for the |F = 2,mF = 2〉 ↔ |F ′ =
3,m′F = 3〉 transition of the D1 line of 85Rb [7]. The
cavity is also coupled to the |F = 1,mF = 1〉 ↔ |F ′ =
2,m′F = 2〉 transition of the D1 line of 87Rb. The cou-
pling strength g is reduced to 2pi × 2.12 MHz for 87Rb
because of its slightly smaller transition matrix element.
The cavity is detuned by ∆/2pi = 1.367 GHz from the
85Rb transition and by −∆ from the 87Rb line, leading
to identical emission frequencies. This setting is chosen
as neighboring transitions are either far-detuned or for-
bidden.
Using a 3-level master equation approach, we calcu-
late the dynamics of the vSTIRAP process, and confirm
that the power envelopes of the photons emitted by the
two atomic species can be made almost perfectly indis-
tinguishable by tuning the Rabi frequencies of the two
processes [37, 44, 45]. We further find that the efficiency
of the processes and the probability of spontaneous emis-
sion can be tuned to achieve a workable success proba-
bility PS = 2×Pstim× (1−Pstim)×Pcoll× (1−Pspon)2,
where Pstim, Pcoll and Pspon indicate the probabilities for
stimulated emission, photon collection and spontaneous
emission, respectively. We also extract the probability
for false-positive detection, (both atoms emit a photon,
but only one is detected), PF = P
2
stim × Pcoll × (1 −
Pcoll), where we assume number-resolving photon detec-
tors [7, 46]. From the numerical calculations we find the
best ratio Pstim/Pspon ' 3.2 for Pstim < 0.2. In this
regime there is therefore a simple trade-off between suc-
cess probability and false-positive detection. For exam-
ple, if we assume Pcoll = 0.4 and Pstim = 0.1 (Ref. [47]),
then PS = 7.0 % and PF = 0.26 %; if Pstim = 0.2, then
PS = 11.2 % and PF = 0.95 %. Spontaneous emission
is not problematic as such, since it will in all likelihood
lead to a loss of the affected atom from the spatial or
temporal detection windows.
Ensuring that the two atoms couple in the same way to
the cavity mode requires their separation to be less than
the mode waist (∼ 40 µm) in the radial direction and less
than the cavity mode Rayleigh length in the longitudinal
direction (∼ few mm). This is not a concern for atoms at
few µK temperatures and a free evolution time t0 ∼ 1 ms
between the atom preparation and the vSTIRAP pulse.
Because of the different masses of the two atoms, the
recoil is different by 2.3% for the two species, which re-
sults in different paths followed by the particles (this ef-
fect is exaggerated in Fig. 1). For T = 50 ms, the max-
imum displacement between the two species within one
interferometer path is ' 5 µm [10].
We conclude by estimating the sensitivity that could
be achieved in a WEP test. The interferometer fringes
can be reconstructed shot after shot by varying the Ra-
man laser relative phase for one species (e.g. before the
last beam splitter), allowing to extract ∆ΦWEP. As-
suming a single-atom quantum projection noise limited
sensitivity [32], the acceleration sensitivity is given by
σWEP ' 1/(kzT 2
√
N), where N is the number of mea-
surements. With N = 104 successful measurements
(10 mrad phase sensitivity) and T = 50 ms, a differential
acceleration sensitivity ∼ 5×10−7 m.s−2 can be reached,
corresponding to a potential sensitivity ∼ 5×10−8 on the
Eo¨tvo¨s parameter. Note that vibration noise is expected
to have a negligible effect as it is common to both inter-
ferometers (see Eq. (6)). Further measurements can then
be performed independently with one species at a time to
extract the values of the gravitational acceleration sep-
arately for each species, and to investigate systematic
effects [12].
The effect of entanglement on the free-fall can thus
be directly assessed by comparing the differential gravity
obtained with the entangled atoms (gA− gB in ∆ΦWEP)
to that obtained with the classically independent atoms
(gA and gB measured independently).
Current WEP experiments performed with cold atoms
consist of a differential measurement between two clas-
sically independent atom interferometers [11–16]. They
explore the validity of the WEP in a different regime
than experiments involving macroscopic objects, because
the measurement principle involves (single-)atom inter-
ference (i.e. a delocalized test mass), and therefore rely
on superpositions of quantum degrees of freedom. For ex-
ample, the recent result reported in [16] uses an atom in
an incoherent superposition of two internal energy states
separated by ∼ 30 µeV, allowing to probe new possible
WEP violations [24]. These experiments probe the WEP
with microscopic masses, and should be tested separately
to the macroscopic case. However, all WEP tests so
far compared the gravity acceleration between two clas-
sically independent proof masses. Our proposal makes
a conceptual stride beyond previous works, by enforc-
ing quantum entanglement between two atomic species
of different mass (∼ 2 GeV energy difference), allowing
to probe directly the effect of entanglement on the free
fall. Specifically, our scheme could for example be used
to assess the quantum formulation of the WEP presented
in [24] at the scale of 2 GeV [50].
To the best of our knowledge, there is currently no the-
oretical model which addresses the question whether or
not the presence of entanglement in a system would result
in a violation of the WEP at a given level of accuracy. In
general, WEP tests involving new types of physical ob-
jects (compared to macroscopic masses), such as matter-
waves or anti-matter, are motivated by the qualitatively
5different nature of the involved proof masses rather than
by a consensual theory predicting a violation in such sys-
tems. Our proposal follows this approach by aiming for
a test of a foundational principle of Physics with a qual-
itatively new system not considered before [51].
Beyond a conceptually new type of WEP test, our pro-
posal can be used for a test of Bell’s inequalities with
free falling massive particles of different species. Follow-
ing Ref. [52], a correlation coefficient E can be formed
from the measurement of the four joint probabilities as-
sociated to the four modes appearing in Eq. (4). It reads
E = V cos(∆Φ) ' V cos [kzT 2(gAz − gBz )] and can be in-
terpreted as a measure for a Bell test in the presence of
gravity.
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7SUPPLEMENTAL MATERIAL
In this supplementary material, we first describe the simulation of the photon emission dynamics for the atoms
in the cavity, which is used to estimate the probability of success and of false-positive detection events. We then
discuss peculiar features related to the center-of-mass of the two-entangled-species interferometer when compared to
conventional dual-species atom interferometers in which the center-of-mass of the two species are independent.
Simulation of the VSTIRAP dynamics
Model
The single photon which is detected when the 87Rb and 85Rb atoms are in the cavity is created by a vacuum-
stimulated Raman adiabatic passage (vSTIRAP). To estimate the performance of the process under the particular
conditions of our work, we simulate the vSTIRAP dynamics of the two atoms using a master equation approach. We
follow the treatment given in pioneering theoretical [1, 2] and experimental work [3, 4]. The method is related to
coherent population transfer and electromagnetically induced transparency [5, 6].
The coupling of an atomic transition between two levels i↔ j to the cavity is given by
gij(z) =
√
2piµ2ij
2h¯λ0V
f(z), (7)
where µij is the relevant transition dipole matrix element, V is the mode volume of the cavity and f(z) is the
dependence of the vacuum electric field of the cavity on the vertical position. We assume that the atoms fall through
the central portion of the cavity mode, such that the longitudinal and transversal variation of the mode strength is
negligible on the scale of the distribution of the atoms’ trajectories.
We now describe the evolution of the electronic state of the atoms, starting from an initial state |S〉 and ending
in the final state |F 〉, which are stable ground states of the atoms. Electronic excitation is reduced by introducing a
detuning from the relevant transition frequency ωij . The Hamiltonian for a single atom in the cavity is then given by
H/h¯ = ∆Ca
†a+ ∆P |S〉〈S|+ Ω(t)
(
σ†SE + σSE
)
+ gFE(t)
(
σ†FEa+ σFEa
†
)
, (8)
where σij = |i〉〈j| is the atomic inversion operator, and the detuning values for the classical pump field and the cavity
are given by ∆P = ωP − ωSE and ∆C = ωC − ωFE . The creation and annihilation operators a† and a relate to the
cavity photon occupation.
The evolution of the system over time, including spontaneous emission of the atomic excited states and the transmission
of generated photons through the cavity mirrors, is described by the master equation
∂ρ
∂t
= − i
h¯
[H, ρ] +D(κ, a) +D(γES , σSE) +D(γEF , σFE). (9)
The decay evolution term for an operator o and a decay rate Y is given by D(Y, o) = Y
(
2oρo† − o†oρ− ρo†o). The
amplitude decay rates κ, γES and γEF relate to the cavity field, atomic spontaneous decay to the initial state, and
decay to the final state, respectively. Assuming that the cavity field decays only by transmission through the output
mirror, the probability of photon generation efficiency is given by
Pstim = 2κ
∫ ∞
0
Tr
{
a†aρ
}
dt. (10)
Similarly, the probability of an atom undergoing spontaneous emission is given by
Pspont = 2 (γES + γEF )
∫ ∞
0
Tr {|E〉〈E|ρ} dt. (11)
Transitions and parameters
We simplify our simulation to three levels by compounding the two decay channels occurring in transition E → S
into a single effective decay back into state |S〉 (see Fig. 2 a), dashed gray lines). The two decay channels E → S and
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FIG. 2. a) Schematic representation of the energy levels involved in the D1 transitions in
85Rb and 87Rb (not to scale). The
dashed horizontal line indicates the virtual level through which the Raman transitions are operated. The dashed gray lines
are undesired spontaneous decay channels. The relevant Clebsch-Gordan coefficients are shown. The black arrows indicate the
transitions resonant to the cavity, while the red and blue arrows denote the pump transitions. b) Example trace of the photon
emission probability as a function of time for the two isotopes (plain red line for 85Rb, dashed blue line for 87Rb), showing
near-identical emission profiles. The black lines show the pump fields Ω(t) for 85Rb and 87Rb.
E → F are scaled with the square of the Clebsch-Gordan coefficients. In 87Rb, γES = γEF (since 1/3 + 1/6 = 1/2),
and in 85Rb, γES = 4γEF /5 (since 1/3 + 1/9 = 4/9 = 4/5× 5/9). Note that while γEF only results in the loss of an
atom, γES can result in the detection of a photon and concurrent loss of the atom. Therefore the experimental data
will have to be post-selected on sequences in which one photon and both atoms are detected within the designated
spatial and temporal windows.
We envisage a cavity with similar parameters as used in [7], but in a ring geometry, with coupling strength, field
amplitude decay and atomic decay rates {g, κ, γ}/2pi = {2.24, 0.5, 2.9}MHz for the |F = 2,mF = 2〉 ↔ |F ′ = 3,m′F =
3〉 transition of the D1 line of the 85Rb atoms. The |F = 1,mF = 1〉 ↔ |F ′ = 2,m′F = 2〉 transition of the D1 line
of 87Rb also couples to the cavity. The 85Rb and 87Rb atoms enter the cavity in the states |F = 3,mF = 3〉 and
|F = 2,mF = 2〉, respectively, and are driven with individual, pi-polarized pump beams. The coupling strength gmax
for 87Rb is reduced to 2pi× 2.12 MHz because of its slightly smaller transition matrix element. This reduction can be
compensated for by a small increase of the driving amplitude, in order to create indistinguishable wavepackets. The
cavity is detuned by ∆/2pi = 1.367 GHz from the 85Rb transition and by −∆ from the 87Rb line, leading to identical
emission frequencies. This setting is chosen as neighboring transitions are either far-detuned or forbidden (See Fig. 2
a)).
Emission
The cavity mode is assumed to have a waist of w0 = 40µm. The atoms are prepared in the cavity (e.g. by laser
cooling in optical tweezers) and are dropped from their trap shortly before the beginning of the driving fields, which
occur on a time-scale t0 <∼ 1 ms after the drop. We therefore assume that the atoms experience a constant coupling
gmax to the cavity mode. The coupling to the cavity, together with a time-dependent excitation pulse amplitude,
controls the shape of the photon pulse emitted by the atom-cavity system. In order to properly control the emission
characteristics, a number of limiting factors need to be considered. The cavity linewidth sets a suitable lower bound
for the emission pulse bandwidth, and also for the Zeeman splitting required to lift the degeneracy between allowed
two-photon transitions in the electronic state manifolds of the two atomic species. We therefore examine Gaussian
pulse envelopes of the type Ω(t) = Ωmaxe
−((t−t0)/τ)2 with durations between τ = 2µs and τ = 10µs, for which the
aforementioned limits are not expected to have a significant effect. We numerically explored the parameter space by
varying the pump field Rabi frequency Ωmax (in the range of tens of MHz) and the pulse duration τ , and computed
the probability of stimulated emission, Pstim, and that of spontaneous emission, Pspon. The numerical exploration
indicates that the ratio Pstim/Pspon ' 3.2, which limits the probability of success.
Fig. 3 a) shows the result of the numerical exploration (each dot corresponds to a value of the tuplet {Ωmax, τ, t0})
by displaying the success probability, PS = 2 × Pstim × (1 − Pstim) × Pcoll × (1 − Pspon)2, versus the false-positive
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FIG. 3. a) Log-linear plot of the probability of success PS versus the probability of a false-positive event PF .
87Rb and 85Rb
(blue and red dots) show near-identical behaviour. b) Logarithmic plot of the ratio of the two probabilities. For comparison,
the dashed black line shows a linear dependence.
probability, PF = P
2
stim×Pcoll×(1−Pcoll). The figure shows that PS > 14 % can be achieved for these parameters. We
emphasize that this value is limited purely by technological factors, such as the cavity finesse and mode field diameter.
Fig. 3 b) shows the ratio of PS/PF , underlining the trade-off between the rate of successful and false-positive events.
As exemplary values, Pstim = 10.4 % leads to PS = 7.0 % and PF = 0.26 %, and Pstim = 20.0 % leads to PS = 11.2 %
and PF = 0.95 %. These values for PF and PS rely on a modest assumption for the photon detection efficiency, since
modern superconducting detectors approach unity efficiency. The value of Pcoll = 0.4 assumes large path losses and
scattering or absorption in the cavity output mirror. This value can also be improved by purely technical means.
Center-of-mass of the two-species interferometer
The usual approach for describing the phase difference in an atom interferometer is the path integral formulation
of quantum mechanics (see, e.g. Ref. [8]). Following a semi-classical approach, it has been shown that the phase
shift in a symmetric 3 light-pulse atom interferometer originates from the relative phase of the Raman lasers which is
imprinted on the atomic wavefunction at the atom-laser interaction times [9], such that the interferometer acts as an
accelerometer [? ]. We followed this semi-classical approach in our work: we evaluated the phase shifts imprinted on
each atomic species by following the classical trajectories of the two atoms in the arms of the interferometer.
In single-atom interferometers, according to the midpoint theorem [11], the interferometric phase can be computed
by calculating the classical trajectory of the center-of-mass (COM) between the two arms of the interferometer, which
is not a populated trajectory. In dual-species single-atom interferometers, the trajectories of the COM associated with
the two species are physically separated and independent. In our proposal, remarkably, the COM associated with the
two possible states forming the superposition of Eq.(1) of the main text follow different trajectories. Moreover, the two
COMs associated to the two species are not equidistant from the total COM of the two-atom entangled state, within
which interference occurs. In this section, we analyze this non-local feature specific to the two-atom interferometer in
more details.
Consider the state |A, h¯~kA;B,~0〉 where atom A recoils with a velocity h¯~kA/mA and atom B is left unperturbed.
We call COM1(t) the center-of-mass trajectory for that state in the vertical (z) direction [? ]. Conversely, we call
COM2(t) the center-of-mass trajectory corresponding to the state |A,~0;B, h¯~kB〉, where B recoils with the velocity
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FIG. 4. Illustration of the splitting of the center-of-mass trajectory of each isotope (blue and red lines) from the trajectory of the
total center-of-mass of the two-atom entangled state (cyan line). The right panel is a zoom to the final two-atom interferometer
recombination point. The time between the light pulses is T = 50 ms. Gravity is set to zero to emphasize the recoil effect.
h¯~kB/mB. If we concentrate on the first part of the interferometer (0 ≤ t ≤ T ), the trajectories are given by
COM1(t) =
h¯kA
mtot
t , COM2(t) =
h¯kB
mtot
t, (12)
with mtot = mA +mB. The trajectory of the total center-of-mass of the entangled state is:
COMtot(t) =
1
2
[COM1(t) + COM2(t)] =
h¯kA + h¯kB
2mtot
t, (13)
for all times 0 ≤ t ≤ 2T . The center-of-mass trajectories for each atomic species are COMα(t) = h¯kα/2mα× t, where
α = A,B. The relative trajectories between the center-of-mass of each species and the total center-of-mass are:
COMA(t)− COMtot(t) = h¯kB × t
2mtot
(
mBkA
mAkB
− 1
)
COMB(t)− COMtot(t) = h¯kA × t
2mtot
(
mAkB
mBkA
− 1
)
. (14)
The center-of-mass trajectories associated to the two species are, in general, not equidistant from the total center-of-
mass of the full state.
With our choice of atomic species and transition lines (D1 for both isotopes), the relative difference between the
two wavevectors is small, (k85 − k87)/k85 ∼ 10−5, but the relative mass difference is comparatively larger, (m87 −
m85)/m87 ' 0.023. From Eqs. (14), the displacement between the center-of-mass of each atom and COMtot is
macroscopic (3.43 and −3.35 µm for 85Rb and 87Rb, respectively), as mentioned in the main text (Ref. [48]). This
effect is illustrated in Fig. 4.
In dual-species single-atom interferometers, the interference occurs independently within the center-of-mass of each
species, corresponding to the two C points in Fig. 4. The displacement between the center-of-mass of the atoms has
therefore no fundamental role, but is of technical concern in WEP tests because of gravity gradients. In our two-atom
interferometer, the interference occurs within the total center-of-mass of the two-atom state (end point of the cyan
line in Fig. 4), which is separated from the classical recombination points associated to each species.
Such peculiar non local effects could be magnified by using different transitions in both atoms, such as the D2 (780
nm) and D1 (795 nm) lines for
85Rb and 87Rb respectively, or two different atomic species such as 85Rb and 133Cs
(780 nm and 852 nm for D2 lines). In such scenarios, indistinguishability of the emitted photons can be engineered
by means of wavelength conversion.
11
References
∗ remi.geiger@obspm.fr
† michael.trupke@univie.ac.at
[1] C. K. Law and H. J. Kimble, Journal of Modern Optics 44, 2067 (1997).
[2] A. Kuhn, M. Hennrich, T. Bondo, and G. Rempe, Applied Physics B 69, 373 (1999).
[3] A. Kuhn, M. Hennrich, and G. Rempe, Phys. Rev. Lett. 89, 067901 (2002).
[4] M. Keller, B. Lange, K. Hayasaka, W. Lange, and H. Walther, New Journal of Physics 6, 95 (2004).
[5] K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. Phys. 70, 1003 (1998).
[6] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev. Mod. Phys. 77, 633 (2005).
[7] T. Wilk, S. C. Webster, H. P. Specht, G. Rempe, and A. Kuhn, Physical Review Letters 98 (2007), 10.1103/phys-
revlett.98.063601.
[8] P. Storey and C. Cohen-Tannoudji, J. Phys. II France 4, 1999 (1994).
[9] P. Wolf, L. Blanchet, C. J. Borde´, S. Reynaud, C. Salomon, and C. Cohen-Tannoudji, Classical and Quantum Gravity
28, 145017 (2011), http://fr.arxiv.org/abs/1012.1194.
[10] In a representation-free, full-quantum description, it has been shown that the interferometric phase originates from a
product of non-commuting unitary operators which reflects the acceleration of the atom in the laser frame [13, 14].
[11] C. Antoine and C. J. Borde´, Journal of Optics B: Quantum and Semiclassical Optics 5, S199 (2003).
[12] We recall that the wavevectors in the x (cavity) direction are the same for the two species within the cavity mode linewidth.
Only the wavevectors associated with the pump beams in the z direction are different.
[13] W. P. Schleich, D. M. Greenberger, and E. M. Rasel, Phys. Rev. Lett. 110, 010401 (2013).
[14] W. P. Schleich, D. M. Greenberger, and E. M. Rasel, New Journal of Physics 15, 013007 (2013).
